Power transistors are the most vulnerable components in switching converters, and derating is usually applied to increase their reliability. In this paper, the effectiveness of derating guidelines is experimentally assessed using a push-pull DC-DC converter as a case study, operating in three different environments. After measuring the electrical variables and temperature, reliability was predicted following the guidelines in MIL HDBK 217F. The sensitivity analysis performed indicates that temperature has the largest impact on reliability, followed by environment and device quality. The results obtained demonstrate that a derating procedure based solely on DC ratings does not ensure an adequate performance. Therefore, additional guidelines are suggested to help increase the overall reliability obtained from a power circuit.
Introduction
Reliability is usually defined as the ability of an item to perform a required function under stated conditions for a stated period of time [1] . It is widely recognized that any competitive industry must know the reliability of their products, has to be able to control it, and should produce at the optimum reliability level that yields the minimum life-cycle cost to the user [2] . However, this is not always the case. Recently, an industry-based survey aimed at determining the expectations and requirements of power electronics converters was conducted. The results confirm that reliability is indeed an area of concern and that better monitoring methods and indicators are needed [3] .
The desired reliability level must be established at the design phase, because subsequent testing and production will not raise the reliability without a basic design change [4] . Thus, the first step is to select the configuration best suited to the task. It is not easy to identify the most reliable converter in a particular application, but several comparisons that might help for this purpose have been reported in recent years: comparison of three circuits aimed at grid-connected applications [5] , of four rectifierinverter topologies and one matrix converter [6] , of a standard three-phase inverter and two redundant configurations [7] , of two converters aimed at fuelcell applications [8] , and the comparison of two multilevel converters aimed at motor drive applications [9] , among others.
In any configuration, reliability depends heavily on the judicious selection of the individual components involved, and the most failure-prone ones must be carefully specified. Reliability is often expressed either in terms of the failure rate , or the mean time between failures MTBF. Table 1 lists the percent contributions of the components in several power converters to the overall failure rate.
The components are broadly grouped in four categories: diodes, transistors (either MOSFETs or IGBTs), capacitors (regardless of the dielectric material), and magnetic elements, including inductors and transformers. According to Table 1, almost 69% of the failure rate can be attributed to the power transistors. In the opposite side, the contribution of the magnetic elements is quite small.
If reliability is to be improved, the weakest component should be upgraded first. A common approach is to derate the components (that is the intentional reduction of electrical, thermal and mechanical stresses on components to levels well below their specified rating) and several guidelines have been provided for critical applications [14] . It is usually assumed that derating provides lower failure rates, but the true effectiveness of the margins cannot be assessed unless the resulting reliability is calculated in the actual application. This paper is aimed at experimentally assessing the effectiveness of derating the switching devices in a power circuit. A push-pull DC-DC converter rated at 100 W was selected for the analysis. Four prototypes were built according to a common design, but using transistors with different ratings. Electrical variables and circuit temperatures were measured at full load. Afterwards, the resulting reliabilities were calculated following the procedure in the military handbook MIL HDBK 217F (MH217), taking into account three operating environments [15] . The sensitivity analysis indicates that temperature has the largest impact on reliability, followed by environment and device quality. The results obtained demonstrate that a derating procedure based solely on DC ratings does not ensure an adequate performance. After analyzing the experimental results, several guidelines are suggested to help increase the overall reliability obtained from a power circuit.
Reliability prediction
Let x i be the state of component i, such that x i = 0 if the component has failed, and x i = 1 if the component is functioning. Let X S be the state of a system comprised by n individual components. In a serial system (from a reliability point of view):
that is, the system will fail if any of the components fails. In a parallel (or redundant) system:
thus, the system remains functional when at least one of its components functions does too. Power electronics converters have become a commodity, and redundancy is seldom used. Competitive advantages are obtained from better performance, and longer operational lives [16] [ 17] . Such is the case of most converters in PV application, which are of the series type.
The reliability of any type of item is a function of the item's failure rate  which, for any electronic component, is assumed to be constant. The reliability R(t) is then
Photovoltaic converters are expected to operate continuously for as long as possible, and a specific lifetime does not exist. Therefore, mission reliability is not the best way to specify reliability requirements. A more useful parameter for continuously operating items is the mean time between failures MTBF, given by ( 4 ) or, for a system comprised by n individual components:
If the failure rate for a power converter is to be predicted using (5) , then the individual failure rates for all the components in the converter must be computed first. Failure rates can be predicted from observed laboratory or field data, according to statistical analysis methods. One possible source of data is the MH217, which contains information for all types of components operating under prescribed conditions, obtained by collecting data since the late 50s. According to the model in MH217, the failure rate  P for any given part can be computed as:
where  b is the base failure rate under the prescribed conditions, and tabulated in the handbook. The  j terms are stress factors that take into account the severity of the particular operational conditions. Those applying to the components usually employed in a power electronics converter are listed in Table 2 .
The temperature factor  T is based on the Arrhenius equation as follows:
The correspondences to T X and the activation energy E a values are listed in Table 3 . Variables for the calculation of  T.
The junction temperature T J , in °C, can be calculated using:
where T CASE is the case temperature, P d corresponds to the power dissipated at the device, and  JC is the thermal resistance from junction to case. The hot-spot temperature T HS for magnetic components can be calculated using:
where T A is the ambient temperature. T is the average temperature rise above T A , and can be approximated using:
where P d corresponds to the power dissipated (W) and A is the radiating surface area of the component's case (in 2   ) .
The environment stress factor  E ranges from ground benign to cannon launching. The evaluations reported herein include ground benign G B (non-mobile, temperature and humidity controlled environments), ground fixed G F (moderately controlled environments with adequate cooling air), and ground mobile G M (equipment installed on wheeled vehicles).
The quality factor  Q depends on the package (plastic, JAN qualified, and so forth). The factor π A is the application factor for transistors, set according to the type of use of the transistor in the circuit (mainly the power rating, P r ). The capacitance factor π C is determined by
The voltage stress factor π V for the capacitor, is defined by
where S is the ratio of operating voltage to rated voltage. The electrical stress factor π S for diodes is defined by
Where V S is the ratio between the reverse voltage applied to the diode, and the corresponding rating. In resistors, π S is the power stress factor defined by where S is the ratio of operating power to rated power. The power factor π P for resistors is determined by
where P d corresponds to the power dissipated.
Push-pull converter
A push-pull DC-DC converter aimed at photovoltaic (PV) applications was selected as the case study. It is shown in Figure 1 . The circuit provides galvanic isolation, an important feature in applications such as those encountered in the development of PV systems. The input and output voltages considered are V in = 17.2 V, and V o = 48 V.
The following parameters were selected: switching frequency f S = 100 kHz, current ripple at the inductor I L = 0.01 I o , and output voltage ripple V o = 0.05 V o . According to the design procedure described in [18] , the passive components required for the output filter are L=600 µH, and C=47 nF. A simulation of the circuit yields the following results: Table 4 . As can be seen, the recommended load ratios are not exceeded in the application.
Two 600 V/15 A fast-recovery diodes were specified.
Both transistors operate in the hard-switching regime. Therefore, snubber networks were included in parallel with the switching devices in order to suppress the voltage spikes. The values selected for the snubbers are: C SN = 22 nF, and R SN = 18 . Table 4 . Main characteristics of switching devices.
Measurements
The tests were performed using as input a DC power supply instead of a PV module, thus providing equal operating conditions for the four prototypes. There were two sets of measurements performed. The first one involved the measurement of electrical variables in all the components. Figure 2 illustrates typical waveforms at the MOSFET transistors.
The calculation of  T requires the measurement of case temperatures in all the components comprising the converter. Temperatures were measured using a thermographic camera. Figure  3a shows the image of a prototype operating at full load. The transistor heatsinks are discernable at the top, left and right sides of the image; the hot spot at the bottom corresponds to the power transformer. Figure 3b illustrates the temperature of a diode mounted in a stamped heatsink.
Results
The stress factors for each component were calculated from maximum voltage and current data, power dissipation and temperature measurements. The procedure briefly described in Section II was implemented as mathematical routines in the Mathcad software package. The calculations were focused exclusively on devices in the power stage and do not include control circuits or drivers. A detailed example of the reliability calculations is included in Appendix A. Figure 6 shows the contributions of each electronic component in the prototypes, evaluated in a ground fixed environment. It can be seen that, in the four converters, the largest contribution to the overall failure rate is associated with the MOSFET, and that the inductor produces the smallest contribution. The contributions of the capacitors are also small because they are of the metallized polypropylene type, which are less sensitive to temperature. The effect of the environment is illustrated in Figure 7 . Table 5 is a summary of the reliability obtained from each prototype in a ground fixed G F environment, and the corresponding MTBF. The reliabilities as a function of time are plotted in Figure 8 (R 1 corresponds to prototype P 1 , and so forth). The best performance is obtained from prototype P 1 , built with the transistors that have the lowest on-resistance (R DS(on) = 0.008 ). Prototypes P 2 , P 3 and P 4 exhibit similar reliabilities, without a clear relationship between this parameter and the on-resistances, or the load ratios. This aspect is illustrated in Figure 9 which depicts the relationship between the MOSFETs failure rates and on-resistances when the devices are mounted in an extruded heatsink with natural convection cooling in a ground fixed G F environment. The coordinates (R DS(on) /) are shown in the figure. A better understanding can be obtained by performing a sensitivity analysis; that is, analyzing the individual effects of the stress factors on the overall reliability of the converter. The analysis was carried out by varying one parameter within the limits allowed by the model used to predict the reliability, keeping the rest in its typical or nominal values. Prototype P 1 was used for temperature measurements, and the results are presented graphically in Figure 10 . In the graph, the longest line corresponds to the parameter that has the greatest effect on . It can be readily appreciated that the reliability prediction model is highly sensitive to temperature. This behavior is corroborated by plotting the failure rates as a function of the transistors case temperatures, in figure 11 . It can be further appreciated that there are not noticeable differences among the prototypes. According to the previous results, the components most prone to failure are the MOSFETs because they are highly sensitive to temperature. In order to calculate the junction temperature T J using (8), T CASE must be computed or measured first. The following equation applies:
Discussion
where  CS is the case-to-sink thermal resistance, which depends on the mounting technique although, for a given package, is fairly constant.
The term  SA is the sink-to-ambient thermal resistance and depends basically on the surface area of the heatsink. Therefore, the overall failure rate depends, to a very large extend, on the size of the heatsinks. Figure 12 illustrates the dependency when both T A and P d are constant. It is clear that, by choosing a low  sa , it is possible to obtain a more reliable converter. For further comparisons, two sets of tests were performed with prototype P 1 , in each set the MOSFETs were attached to different heatsinks. The thermal resistance of the heatsinks used in the first set was  SA =2.7 °C/W. There were minor differences in the temperatures measured at the MOSFETs: T CASE =69 °C for Q1, and T CASE =67 °C for Q2. The resulting failure rates were  Q1 = 10901 FITs and  Q2 =10510 FITs for Q1 and Q2 respectively. The thermal resistance of the heatsinks in the second set was  SA =4.4 °C/W, which produced higher case temperatures at both transistors. MOSFET Q 1 reached T CASE = 82 °C and a corresponding  Q1 = 13508 FITs. For Q2, T CASE = 80 °C and  Q2 = 13073 FITs. According to the previous results, it can be stated that:
 Temperature has indeed the largest effect on the failure rate. Thus, all available means should be employed to minimize the dissipation within the components. According to an analysis of losses in the transistors in prototype P 1 , 73% corresponds to switching losses, 17% are conduction losses, and the remaining 10% are gate-related. The trends in the other prototypes are similar. These results clearly show that switching characteristics are far more important than the conducting behavior, and that a derating procedure based solely on the on-resistance or in the load ratios (as suggested in 15) does not ensure the best performance.
Quite often, soft-switching techniques are implemented in order to reduce the heating in the main transistors. It should be kept in mind, however, that in this case there are more components contributing to the overall failure rate. Care should be taken to ensure that the inclusion of the additional components does not offset the gains obtained from lower operating temperatures. Over-derating the transistors can be counterproductive because large devices might have larger gate capacitances which, in turn, will impose more exacting requirements on the drivers.

Thermal management techniques are of paramount importance. Due to the exponential nature of (7), a small change in temperature produces a large variation in the failure rate. Within the limits set by volume and budgetary restrictions, the best heat sink available should be selected.
According to Figure 11 , electrical stresses have a rather limited impact on the failure rate. As stated above, using too large transistors does not necessarily provide the best reliability performance.
There is no doubt that high quality components (as defined by MIL HDBK 217) achieve low failure rates. The drawback, however, is that including components of this kind usually results in much higher costs. Since there is currently a broad spectrum of low-cost plastic packages, a suitable approach is to specify the one with the best thermal performance (that is, the one with the lowest thermal resistances).
The expected operating environment should be clearly identified. A converter that exhibits an acceptable performance in the groundbenign case will perform poorly when operated in a more demanding environment.
Experimental results for magnetic elements reported herein indicate much larger failure rates than those reported in the references used to built table 1 (almost four times the average value in table 1). Thus, it seems that their failure rates are grossly underestimated. Reliability of these components is not to be taken as granted, and careful thermal performance evaluations must be carried out. The simplest way to increase the performance of magnetic components (from a reliability point of view) is to design them considering the lowest temperature rise allowed by volume and budgetary restrictions.
Conclusions
Throughout the years, it has been found that, in most power electronics converters, transistors contribute with the largest share to the overall failure rate. Quite often, heuristic derating guidelines are applied to deal with the vulnerabilities. In this paper, the experimental evaluation of derating the power transistors in a push-pull DC-DC converter is reported. The sensitivity analysis confirms that temperature has the largest impact on the failure rate, followed by environment and device quality. The results obtained demonstrate that a derating procedure based solely on the voltage and current ratings does not provide the best performance. The switching characteristics of the power transistors must be taken into account because they have a major impact on power dissipation. After analyzing the experimental results, additional guidelines are suggested to help increase the overall reliability obtained from a power circuit. Thermal management techniques and the expected operating environment are of paramount importance and must be included in any reliability improvement effort. 
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